This paper reports the evaluation of pump's efficiencies and its optimization potential, in three water supply systems. The study surveyed 65 pumps groups, from 24 pumping stations, between 5 to 350 kW of absorbed power, with flow rates from 25 to 1500 m3/h. The performance of the pumps, was assessed by testing each pump group in different operational conditions. It was quantified, for each pump group, the specific consumption (kWh/m3) and cost (€/m3) as well as the difference between the optimum efficiency point, for the specific net head of each installation, and their actual operating point. The identified energy inefficiencies and proposed corrective measures for each pump group were compiled in order to improve their efficiency. Most problems identified are oversized groups, valve problems and inadequate operational working points. On average the surveyed pump's efficiencies were 10 percentage points below their reference values. In order to reduce the gap several improvement measures were proposed, such as the refurbishment of the pumps, impeller adjustments, variable speed drive installation and the extension of the working periods with lower frequency regimes, where high efficiencies were identified. The implementation of these improvement measures has an energy saving potential of 331 MWh/year, which means 27.000 €/year.
Introduction
This study aims to assess the actual operational conditions and performance of the pump groups, from three water supply systems in Portugal. The study surveyed 65 pumps groups, from 24 pumping stations, between 5 to 350kW of absorbed power, with flow rates from 25 to 1500m 3 /h. For each pump group were collected relevant parameters for its characterisation and identified potential energy inefficiencies in order to propose improvement measures to correct them. Pumps are widely used in almost every economic sector, providing fluid transport to cooling and heating, lubrication, industrial processing, motive force in hydraulic systems or simply to water transportation. Pumping systems account for nearly 20% of the world's electrical energy demand and range from 25-50% of the energy usage in certain industrial plant operations (Hydraulic Institute, Europump et al, 2001 ). In the water sector, pumping water entails electrical energy consumption which currently corresponds to a significant part of the total electricity consumption in distribution systems (IMechE, 2004.) , it could reach 90% (Grundfos, 2004) . In the Portuguese water utility company, the energy costs represent nearly 60%, and maintenance costs are close to 20% of all operational costs, excluding personal costs (Mendes, 2016) . In 2015 the drinking water supply and distribution systems of Portugal demanded a consumption of electric energy of 406GWh, which corresponds to 0,86% of all electric energy consumed in Portugal (Mendes, 2016) . Therefore, reliability and efficiency of the pump groups is extremely important. Many studies have been carried out aiming at the optimal pump scheduling (Jowitt & Germanopoulos, 1992) (McCormick & Powell, 2003) (Nitivattananon et al., 1996) , taking into account the fact that energy costs can be frequently reduced by consuming electricity in off-peak hours. However, part of the energy that is consumed by the pump groups is associated to the inefficiencies of the equipment and to operating pump groups outside their best-efficiency points. Pump performance also decreases after prolonged and heavy duty service life as a result of erosion, corrosion, wear and cavitation. Much of the pump wear occurs in the first years of operation and tends to level out after the first 10 years. The overall drop in efficiency for an inadequately maintained pump can be 5% in the first five years of operation and up to 15% in the first 10 years (IMechE, 1989) . Part of this loss of efficiency is due to degradation of the impeller/casing wear rings. The degradation rate tends to be much higher in pumps operating far from the bestefficiency point due to increased shaft deflection. Most of the loss in efficiency will normally be caused by a build-up of corrosion products in cast iron casings. This occurs in practically all pumps working with clean cool water. Periodically maintaining the pump can return its efficiency to a similar level of a new pump. (UK Department of the Environment, 1998). These inefficiencies have a direct economic impact in water utilities operating costs due to high energy consumption. For that reason, most recent studies on energy efficiency optimization in water supply systems are now including pumps efficiency (Bolognesi et al., 2014) . Still, there is a lack of studies focusing on the efficiency decrease in pumps of water supply systems and its relation to operating time and conditions. Research efforts in technological solutions, which increase energy efficiency of water supply systems, are now a priority (Ramos et al, 2012) . In this study were surveyed 24 pumping stations and collected for each the following data (per pump group): flow rate, net head, absorbed power, efficiency (hydraulic and electric) and were obtained, for all pumping stations, the hydraulic systems curve (net head vs flow). One of the objectives was to identify the actual operational conditions of the pump groups and in addition, to find opportunities for providing solutions to reduce the energy expenses of inefficient pump groups. Solutions could namely be upgrades with high efficiency pumps and motors, reduction of impeller diameter for oversized pumps, pumps refurbishment with internal ceramic coating and replacement of wearing parts, installation of variable speed drives and adjustments in pumping operational procedures, which don't need any additional investment and have immediate cost reductions impact.
Methodology
In order to collect the relevant data for the characterization of each of the 24 pumping station's groups, they had to be respectively submitted to different operational conditions. The analysis was performed group by group, through different operational conditions: one group operating (though different frequency regimes, if it has variable speed drive); more than one group operating.
If the groups were equipped with variable speed drive, only the analysed group would be tested through different frequency regimes. Whenever was possible the groups with variable speed drive were tested through 4 different frequency regimes, between 50Hz and its lowest operational frequency. When a group was operating with one or more groups, at the same time, they were operated at their nominal frequency. These tests allowed an evaluation of the efficiency of the groups under a range of operating conditions and showed how the groups react to discharge variations. Additionally, the difference between the optimum efficiency point for the net head of each installation and their actual operating point was calculated. An energy analyser was installed on the electric frame that feeds the analysed group. Pressure was measured at the upstream and downstream of the pump groups using digital manometers. Flow was measured using an ultrasonic flow meter. Each pump was tested for the current operating conditions and for different discharges. For each operating condition, the pumps worked continuously until reaching a steady state. Then the following data was collected: upstream and downstream Pressure of the analysed group; Net Head of the site; Flow of the analysed group and total groups combined; Electric and Hydraulic Power of the analysed group; Efficiency of the analysed pump, motor, variable speed drive; Specific consumption of the analysed group [kWh/m 3 ] and [€/m 3 ]. From the 24 surveyed pumping stations, two different situations were identified. In the most usual situation, it was possible to install a pressure sensor on the influent pipe of the analysed group. In this situation it is possible to collect directly the influent pressure value, without any calculations. In some pumping stations was not possible to directly measure the Pressure on the influent because the influent pipe did not have any fitting to install the pressure sensor or because the groups were located immediately above a storage tank or dam, which limited the accessibility to work in the influent duct. In this case, the value of the Pressure difference between the influent and the effluent was theoretically calculated. First was measured the difference of height between the analysed pump and the surface water level in the storage tank or dam and also the dynamic pressure difference between the surface of water in the storage tank and at effluent conditions. With this data it is possible to calculate the value of the net head, the hydraulic power provided by the analysed group and to evaluate its efficiency. In all measured pump groups, the diameter of the influent and the effluent were the same. When was not possible to measure the influent pressure in situ, was used the following equation: With the gap between the actual value and the reference value for each pump efficiency, it is possible to evaluate the necessity for the implementation of improvement measures for the analysed group. If the efficiency gap was larger than 10% were proposed improvement measures, with quantification of costs and savings. The specific cost, for each pumping station, was based on its energy cost from a typical year (it was considered the year of 2014).
Results

Demonstration systems characterization
The in-situ surveys resulted in the characterization of water circuits and collection of specification data from the majority of pumps and auxiliary equipment. In addition to the technical information collected, the energy consumption and flow metering allowed the pumps working point characterization, Figure 1 and the specific consumption calculation, Figure 2 and Figure 3 .
Figure 1 -Example of pump Curve: pump working point in the pump curve
From the pump curve it was possible to establish the difference between the expected efficiency and the actual pump working point. In most cases, this difference shows that the pump performance is actually below than their reference values. The study surveyed 65 groups composed by centrifugal horizontal or vertical pumps, between 5 to 350 kW of absorbed power, with flow rates from 25 to 1500 m 3 /h. These groups have on average a specific energy consumption of 0,2 kWh/m 3 . It is not possible to correlate the installed capacity and the specific consumption of the groups (as shown in Figure 2 ). This is due to the impact of several parameters such as net head of the installation and the mechanical conditions of the equipment in the entire system performance, which vary significantly from each installation. During the surveys were identified energy inefficiencies in the demonstration systems, namely oversized systems, valve obstructions and non-optimized operational regimes. As a result, efficiency levels measured were significantly lower than the ones provided by the manufacturer or supplier. This situation is well portrayed by Figure 4 and Figure 5 where it is possible to identify the efficiency gaps. These gaps have an average value of 10 percentage points. Figure 4 shows the pump's nominal power and the respective efficiency gap between their measured and reference values, in percentage points. Figure  5 shows occurrence distribution of that efficiency gap. Regarding to equipment maintenance and number of hours worked per group, due to the lack of data available, it is not possible to establish a correlation between the number of hours worked and the efficiency of the pumps efficiency, as shown in Figure 6 . 
Improvement measures
The improvement potential identified by the surveys, from the 24 pumping stations, resulted in an improvement measures list divided in 4 main categories, presented in Figure 7 , which included the refurbishment of the pumps, motor replacement, component correction, as impeller trimming and operational changes. The refurbishment consists in applying an internal ceramic coating which reduces friction factor by more than 40% (U.S. Department of Energy et al., 2006) and corrosion. Additionally, it consists in bearing and wear-ring replacement and the impeller adjustment, replacing it for a smaller one or reducing the outside diameter. Variable speed drive, e.g. VFD, variable frequency drive, suggested for 13 pumping stations, improving the operating cost and reliability of the systems. Moreover, it also allows matching flow and pressure requirements closer to system needs, allowing the extension of the working periods with lower frequency regimes with more groups working at the same time, where high efficiencies were identified. For the same flow, better efficiencies and specific consumptions were achieved when the groups were operating together, because the hydraulic power is improved and the electric power consumption of each group decreases. The savings generated by this measure are predicted to be significant, at least 10%. During the survey was noted that one valve, after one group was choked, due to space limitation for its complete opening. The valve was reassembled and this situation was corrected during the survey. The motor replacement by a higher-class motor was suggested for the pump groups that have a standard class motor with lower performances and in other cases seems to be oversized.
Figure 7 -Percentage of pumping stations with potential of efficiency improvement
From the 65 pump groups assessed it was suggested improvement measures for 42 groups and quantified the energy and economic savings for 30 groups, as shown in Figure 8 . It was not proposed any improvement measure for the rest of the groups due to the lack of provided data or because further studies are needed and were out of the scope of these surveys. Therefore, there is an undoubted potential for improvement measures, which were not quantified yet. 
Conclusions
The benefit of the improvement measure implementation is available for consultation on Table 1 . The total investment required to implement the measures at the identified 30 groups is 54.440 Euros, with an estimated impact in energy savings around 3.110.000 kWh per year, which results in an average payback period of less than 3,5 years, taking into account the electricity tariffs charged in Portugal. As shown in Figure 9 . From the 24 pumping station surveyed, were proposed improvements for 18 of them, and were quantified improvement measures for 13 of them in a total of 30 pumps. Additionally, a change in the operation regime is suggested, specifically the use of variable speed drives at lower frequencies where high efficiencies were identified. Furthermore, it allows matching working time with favourable tariff period. Pump scheduling is one of the most important tasks of the operation of a water distribution system as it represents the major part of its operating costs (Bagirov et al, 2012) . The total annual savings resulting from the implementation of the identified improvement measures, at these 13 pumping stations, are 311.129,53 kWh/year which represent 26.888,76 € of savings per year.
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